ABSTRACT. Mechanically induced hyperventilation is not the increase in pH, that improves these patients during used in the treatment of newborn infants with persistent respiratory alkalosis produced by mechanically induced hyperpulmonary hypertension syndrome to induce respiratory ventilation.
metabolic alkalosis (high arterial pH, normal Pacoz, and low 114 SCHREIBE Pa02), and 4) hypoxic hypocapnia (normal arterial pH, low Paco,, and low PaOz). To change conditions, pH and Pacoz were independently varied between these four conditions by the intravenous infusion of acid or alkali and the addition or deletion of 5% COz from the inspired gas mixture. Because some experimentation was necessary to produce the desired degree of respintory alkalosis in individual lambs, changes in the ventilator variables were made during normoxia. Once the ventilatory rate, peak inspiratory and end-expiratory pressures, and inspiratory time that produced the desired degree of respiratory alkalosis (normoxic respiratory alkalosis) were found, they were ~. o t changed throughout the study. Five percent COz was then added to the gas mixture to normalize arterial pH and Paco2 (normoxic control). Nitrogen was then added to the inspired gas mixture (Fio2 0.08-0.1 1) to produce hypoxemia (hypoxic control) and induce stable pulmonary vasoconstriction. The inspired oxygen concentration during the hypoxic conditions~was not changed throughout the remainder of the study.
All lambs received both acid and alkali infusions. Because the order of intervention, i.e. whether the lambs received acid or alkali first, may have affected the results, we randomized the order of intervention (Fig. 1) . In group 1, the 5% COz was then removed from the gas mixture to produce hypoxic respiratory alkalosis. Then, 0.5 N hydrochloric acid (4.5 ? 0.7 ml/kg) was slowly infused intravenously (17.5 f 6.5 min) during hypoxic respiratory alkalosis to produce hypoxic hypocapnia. When the hemodynamic variables were unchanged for 10 min, 0.9 M sodium bicarbonate (I mEq/ml) (9.5 ? 0.2 mEq/kg) was infused slowly intravenously (47.5 + 17.6 min) and 5% C 0 2 was added to the inspired gas mixture to produce hypoxic metabolic alkalosis. In group 2, the order of acid and alkali infusions was reversed. First, during hypoxic control, 0.9 M sodium bicarbonate (8.5 t 2.1 mEq/kg) was slowly infused intravenously (26.0 f 10.8 min) to produce hypoxic metabolic alkalosis. When the hemodynamic variables were unchanged for 10 min, 5% COz was removed from the inspired gas mixture and 0.5 N hydrochloric acid (7.5 ? 1.9 ml/kg) was slowly infused intravenously (70.0 5 30.8 min) to produce hypoxic hypocapnia. Throughout the study, each condition-hypoxic control, hypoxic respiratory alkalosis, hypoxic metabolic alkalosis, and hypoxic hypocapnia-was produced one to three times (Fig. 1) . To further prevent bias from both the length of study and the order of intervention, all hemodynamic variables and arterial pH and blood gas values produced for each condition were averaged. The absence of left-to-right ductus arteriosus shunting during the experiment was shown by injecting 3 ml of iced saline into the ascending aorta and finding no temperature change in the pulmonary artery. At the end of the experiment, the lambs were given a lethal dose of pentobarbitol. At autopsy in each lamb, catheter positions were confirmed, the ductus arteriosus was found to be closed. and :he atrial seDtum was found to be intact.
Right atrial pressure was measured through the proximal port of the thermodilution catheter. Cardiac output was determined by the thermodilution method and calculated by computer (Electro-Catheter Model 5000, Electro-catheter Corp., Rahway, NJ). For each measurement, 3 ml of iced saline was injected into the proximal port. The cardiac output value was taken as the average of three consecutive injections. Pulmonary and systemic arterial, right atrial, and proximal airway pressures were measured with Statham P23Db pressure transducers and recorded continuously on a Beckman multichannel direct writing recorder. Mean pressures were obtained by electrical integration. In three lambs, a balloon-tip silastic catheter with known pressure-volume characteristics was placed in the mouth and advanced to the midesophagus to measure esophageal pressure. Their transpulmonary pressure (proximal airway pressure minus esophageal pressure) was measured using a Validyne DP-45 (t-1 cm H 2 0 ) differential pressure transducer and amplified with a Validyne CD-15 carrier demodulator. In two of these lambs, tidal volume was also measured by the integrated flow signal obtained with a Fleisch 00 pneumotachograph attached to a Celesco differential pressure transducer (range of q 2.5 cm H20, frequency response flat to 30 Hz). Arterial pH and blood gases, obtained immediately before measurement of hemodynamic variables, were measured by a Corning 175 automated pH/blood gas analyzer.
Cardiac output and pulmonary arterial wedge pressure were measured during all normoxic and hypoxic conditions. Response values were taken when all hemodynamic variables were unchanged for at least 10 min. Pulmonary vascular resistance was calculated from mean pulmonary arterial pressure minus mean pulmonary arterial wedge pressure divided by cardiac output per kg of body weight. Systemic vascular resistance was calculated from mean systemic arterial pressure minus mean right atrial pressure divided by cardiac output per kg of body weight.
The means + SD were computed for the vascular pressures and resistances, cardiac output, arterial pH and blood gases, proximal airway, ventilator peak inspiratory and end-expiratory pressures, inspiratory time, and ventilator rate during the normoxic and during the hypoxic conditions for groups 1 and 2. The data from groups 1 and 2 were compared by unpaired Student t tests (1 l), found to be similar, and pooled. During normoxia, the differences in these variables between control and respiratory alkalosis were analyzed by a paired Student's t test with the Bonferroni correction. The normoxic control was also compared to the hypoxia control of a paired Student's t test with the Bonferroni correction. During hypoxia, the differences be- DISCUSSION alkali, lambs were randomly assigned as to which they would receive first. There were no differences detected between the two This study in lambs that groups and, thus no prolonged ill effects of acid infusion. Therealkalosis produced by mechanical hyperventilation attenuates fore, regardless of what caused the decrease in cardiac output, hypoxia-induced pulmonary vasoconstriction because of the in-the effect was both transient and reversible. crease in arterial pH not because of the decrease in Paco,.
Alkalosis during both normoxia and hypoxia had similar efRespiratory and metabolic alkalosis had almost identical circu-fects on the systemic circulation t~ those seen on the pulmonary latory effects: both decreased Pulmonary arterial Pressure and circulation. In agreement with our findings, systemic pulmonary resistance. In contrast, hypocapnia-low pressure has been previously reported to decrease during alkalosis Pacoz, with a n~r m a l arterial pH-increased pulmonary in both humans (18) and animals (17, 19) . However, Rudolph pressure and pulmonary vascular resistance. During normoxia, and Yuan (5) found these changes to be inconsistent in newborn similar, but less substantial, effects of alkalosis on the pulmonary calves. Alkali infusion either slightly decreases or has no apparent vasculature were seen.
effect, as seen in our study, on systemic vascular resistance (19, Previous studies investigating the effects of alkalosis on hy-20). poxia-induced pulmonary vasoconstriction have yielded discrep~h , mechanism through which an increase in p~ attenuates ant results. Results similar to ours were found in adult dog lungs hypoxia-induced pulmonary vasoconst~ct~on remains unknown. perfused with a constant pulmonary blood flow (7). Respiratory Several possibilities exist. One mechanism may be a change in alkalosis reversed the hypoxia-induced increase in pulmonary the ratio ofionized to bound calcium. This ratio is p~ dependent, vascular resistance. Pulmonary vasoconstriction was restored by with alkalosis decreasing the ionized calcium. Because calcium normalizing the arterial pH with an infusion of acid. These is very important in smooth muscle contraction, decreasing the findings suggested that increased arterial PH Plays a role in the available ionized calcium, through alkalosis, may relax vascular changes seen with respiratory alkalosis. The effects of metabolic smooth muscle and reverse pulmonary vasoconst~ct~on (2 1.
alkalosis were not studied. Hypoxia-induced Pulmonary vase-Further evidence for the importance of calcium is that nifedipine, constriction was not, however, attenuated by alkalosis in in situ a calcium-channel blocker, infused into isolated perfused pig perfused neonatal calf lungs (6) .
lungs reduced hypoxia-induced pulmonary vasoconstriction (22) . Studies by ~a l i k and Kidd (9) Provided further support for Nifedipine also decreases pulmonary and systemic arterial presalkalosis attenuating hypoxia-induced Pulmonary vasoconstnc-sures and cardiac output in newborn lambs (23) . These effects of tion. The development of respiratory alkalosis in their sponta-nifedipine are similar to those seen during alkalosis in our study, neously breathing adult dogs was also associated with an atten-implying a possible role for calcium flux. A second possible uation of hypoxia-induced pulmonary vasoconstriction. Pulmo-mechanism may involve potassium flux because alkalosis also nary vasoconstriction persisted when either 5% C02 was added decreases intracellular potassium (24) . This decrease may alter to the inspired gas mixture or fixed mechanical ventilation nerve and muscle cell membrane polarization and lead to the prevented the fall in Pace, and the development of respiratory observed circulatory changes-a decrease in pulmonary and alkalosis. However, the alkalosis-induced decrease in pulmonary systemic arterial blood pressures (24) . Electrophysiologica] vascular resistance in that study was due Predominantly to an changes seen during both metabolic and respiratory alkalosis increase in cardiac output, not to a decrease in pulmonary arterial support this hypothesis (25) . pressure. These results are in contrast to our study and to a study ~l~h~~~h multiple drug therapies have been used to treat in adult cats (S), in which the alkalosis-induced fall in pulmonary newborn infants with persistent pulmonary hypertension synarterial pressure caused the decrease in pulmonary vascular drome, mechanically induced hyperventilation remains the most resistance. ina ally, Rudolph and Yuan ( 5 ) found that hypoxia-effective form of therapy (10, 26) . Aggressive mechanical hyperinduced pulmonary vasoconstriction in the intact neonatal calf ventilation, however, may be associated with an increased intiwas attenuated by normalizing pH to 7.35. This finding implied dence of complications, including pneumothorax, pneumomethat acidosis was necessary for hypoxia to cause PulmonaV diastinum, barotrauma, and chronic lung disease (26) . In addivasoconstriction. However, the effect of alkalosis was not inves-tion, in some infants with persistent pulmonary hypertension tigated. These differences in the of the pulmonary syndrome, the degree of respiratory alkalosis necessary to attenvasculature to alkalosis may reflect differences in ages, species, uate vasoconst~ction cannot be reached because of or experimental methods.
severe lung disease or the development of metabolic acidosis. A pressure-limited time-cycled ventilator, similar to those used study indicates that mechanical hyperventilation resulting in the management of infants with Persistent Pulmonary hyper-in respiratory a]kalosis attenuates pulmonary vasoconstriction tension syndrome, was used in this study. Peak inspiratory, end because of an increase in arterial p~, not because pace, is expiratory, and mean ainvay pressures, ventilator rate, and,in-decreased as previously reported (lo), or because of mechanical spiratory time were held constant. There were no changes ln tidal lung changes, ~h~~, alkali infusions used judicious~y together volume or transpulmonary pressure, in the two lambs studied, mechanically induced hyperventilation may help to achieve during changes in arterial pH, Paco2, or PaO2. Because ventila-the desired degree of alkalosis and also decrease the incidence of tion remained constant throughout each study and measure-pulmonary comp~icat~ons~ ments of lung mechanics did not change, the cardiovascular effects could not have resulted from changes in mechanical lung factors.
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